We investigate the dielectric properties of a thin VO 2 film in the terahertz frequency range in the vicinity of the semiconductor-metal phase transition. Phase-sensitive broadband spectroscopy in the frequency region below the phonon bands of VO 2 gives insight into the conductive properties of the film during the phase transition. We compare our experimental data with models proposed for the evolution of the phase transition. The experimental data show that the phase transition occurs via the gradual growth of metallic domains in the film, and that the dielectric properties of the film in the vicinity of the transition temperature must be described by effective-medium theory. The simultaneous measurement of both transmission and phase shift allows us to show that Maxwell-Garnett effective-medium theory, coupled with the Drude conductivity model, can account for the observed behavior, whereas the widely used Bruggeman effective-medium theory is not consistent with our findings. Our results show that even at temperatures significantly above the transition temperature the formation of a uniform metallic phase is not complete.
I. INTRODUCTION
Bulk vanadium dioxide ͑VO 2 ͒ undergoes a phase transition from semiconductor to metal at a temperature near 68°C. 1 Associated with the phase transition are a change of conductivity by several orders of magnitude, strong changes of the optical properties at all wavelengths, and a structural transition from the low-temperature monoclinic phase to a tetragonal metallic phase. There is a marked hysteresis associated with both the electrical and the optical properties of VO 2 , indicating that the phase transition is of first order. The evolution of the phase transition depends strongly on the morphology of the material. The transition temperature as well as the width of the hysteresis can be strongly modified by nanostructuring of the VO 2 material 2 and by interface effects in epitaxially grown thin films. 3 Here we discuss the properties of thin films of polycrystalline VO 2 .
The phase transition in a thin semiconducting film of VO 2 is initiated at seed points in the film, and the metallic domains then grow and spread as the temperature is increased towards and beyond the transition temperature. Hence in the vicinity of the transition temperature the semiconducting and the metallic domains coexist. This spatial inhomogeneity of the thin film strongly influences the effective dielectric properties of the film. Hood et al. used effective-medium theory ͑EMT͒ to interpret transmission measurements at 38.5 GHz, 3 and Choi et al. found that effective-medium theory must be applied to interpret midinfrared spectroscopic measurements. 4 There have been several observations of percolation behavior of VO 2 films, i.e., the formation of a macroscopic conductive path through the sample. Recently Rozen et al. applied EMT to interpret conductivity measurements of nanostructured VO 2 films. 5 Common to these reports is that the Bruggeman EMT ͑Ref. 6͒ was used since this particular EMT describes percolation. However, the Maxwell-Garnett EMT ͑Ref. 7͒ offers an alternative description of the dielectric properties of a composite material. There are several comparative studies of the two EMT's, and even though the Maxwell-Garnett theory does not account for percolation, and is derived under the assumption of a low volume fraction of the conductive domains, there are reports favoring this EMT over the Bruggeman EMT. 8, 9 In this work we perform terahertz time-domain spectroscopy ͑THz-TDS͒ in the frequency range 0.1-1.5 THz. With this technique we can measure the transmission amplitude and phase of a broadband THz signal transmitted through a thin film of VO 2 deposited on a dielectric substrate. The THz range is useful in studies of conductive systems since it is a contact-free measurement which probes the high-frequency conductivity of the system, in contrast to the static conductivity measured with standard four-point probes. Hence we expect to be independent of the formation of macroscopic conductivity paths through the sample. The THz frequency range falls below the optical phonon resonances of VO 2 , and hence it is possible to measure the dielectric response that arises solely from the conductivity of the sample.
It turns out that the simultaneous measurement of both transmission amplitude and phase shift over a broad spectral range allows a comparison of different effective-medium theories as well as different conductivity models. In contrast to THz transmission measurements on homogeneous thin films 10 we observe a phase delay when the THz signal is transmitted through the VO 2 film above the transition temperature. The spectral shape, combined with the temperature dependence of both transmission amplitude and phase shift, shows that the Maxwell-Garnett EMT coupled with the classical Drude model for the description of the conductivity of the metallic domains is best suited to describe the THz optical properties of the VO 2 film in the vicinity of the transition temperature.
The paper is structured as follows. In the following we describe the sample fabrication in Sec. II A and experimental techniques in Sec. II B. Then we present the methods used in the spectroscopic analysis of the experimental data in Sec. III A, and summarize the two effective-medium theories used in the interpretation of the results in Sec. III B. The experimental results are then presented and discussed in Sec. IV and Sec. V. Finally the conclusions of the paper are summarized in Sec. VI.
II. EXPERIMENTAL METHODS

A. Sample fabrication
A VO 2 film of 160 nm thickness was grown on a glass substrate of 150 m thickness. A vanadium metal target was ablated in an oxygen ambient ͑5 mTorr͒ by a KrF excimer laser at a wavelength of 248 nm and a fluence of 4 J / cm 2 . Approximately 10 5 laser pulses were required to deposit the film. The target-substrate distance was typically 7 cm. The as-deposited film is amorphous and exhibits an incomplete stoichiometry close to VO 1.7 as determined by Rutherford backscattering ͑RBS͒. After conversion to VO 2 by thermal oxidation at 200 mTorr of O 2 and a temperature of 450°C, the phase and crystallinity were confirmed by x-ray diffraction ͑XRD͒ while stoichiometry was verified by RBS. In some cases, x-ray powder diffraction analysis on samples grown under these conditions showed traces of V 2 O 5 . However, the RBS measurements showed that over areas of several square millimeters, comparable with the THz spot size used for spectroscopy, the film composition is uniformly VO 2 .
B. THz time-domain spectroscopy
In order to measure the complex dielectric properties of the VO 2 thin film we use the Freiburg THz time-domain spectroscopy ͑THz-TDS͒ system. 11, 12 THz-TDS relies on the generation and detection of ultrashort, broadband electromagnetic transients with frequency components spanning over the lowest region of the far infrared, typically covering the frequency region 0.1-3 THz, or 3 -100 cm −1 . The experimental setup is illustrated in Fig. 1 .
A beam of femtosecond laser pulses is split in two sections. One section is used to generate the THz transient by excitation of a biased, photoconductive antenna, while the other section acts as a gate in the photoconductive detector. The temporal shape of the THz transient is recorded by gradually changing the relative delay between the THz transient and the gate pulse while monitoring the current induced in the external circuitry by the THz field.
As illustrated in Fig. 2 the THz beam is collimated and focused through the sample mount, and transmitted through either a reference aperture or a sample aperture. The reference aperture is covered by a section of the sample consist- ing of the substrate alone, and the sample aperture is covered by a section of the sample consisting of substrate and VO 2 film. The configuration of the off-axis paraboloidal mirrors ensures a frequency-independent spot size of the THz beam on the sample.
In this manner we determine the transmission amplitude and transmission phase in the frequency region 0.1-2 THz, the higher-frequency limit being determined by increasing attenuation of the THz signal at high frequencies in the substrate material.
The temperature of the sample was controlled by circulating oil from an oil bath, and determined by a Pt-100 thermocouple mounted between the two apertures of the copper sample mount. The sample was in good thermal contact with the mount, and the entire mount was isolated from the surroundings with a thick layer of styrofoam. During each measurement the sample temperature was constant to within ±0.1 K. We estimate that the absolute temperature was accurate to within ±0.5 K except for the transmission measurements with 800 nm light, where apertures in the isolation materials had to be drilled in front of the samples in order to transmit the optical beam. This led to a slightly lower temperature of the sample than measured in the copper block. We estimate this systematic temperature drop to be less than 2 K.
III. NUMERICAL AND THEORETICAL BACKGROUND
A. Spectroscopic analysis
THz-TDS measures the complex transmission function
A exp͑i͒ of the sample within the bandwidth of the THz signal. This transmission function is linked to the dielectric function of the thin film of thickness d and with a complex index of refraction n 2 = n 2 + i 2 . The index of refraction of the substrate is n 3 = n 3 + i 3 , and its thickness is L. The extinction coefficient is related to the absorption coefficient through = ␣c /2. The substrate used in our experiments displayed considerable absorption which needs to be taken into account in the analysis in order to obtain quantitative results from the measurements.
We use the standard theory of electromagnetic plane wave propagation through a stratified medium. 13 Each layer in the structure is modeled by a characteristic complex-valued 2 ϫ 2 matrix,
where n = n + i is the complex index of refraction of the layer, k = n / c is the complex wave number. Propagation through a multilayered system can then be calculated by multiplication of the characteristic matrices for each layer. For a layered sample surrounded by air the transmission coefficient is then
where M ij are the elements of the transfer matrix. In our experiments the VO 2 film was deposited on a substrate of 150 m thickness, so the standard procedure of truncating the time-domain data before the appearance of echoes in the time domain cannot be applied. Hence we need to model the full sample structure in order to compare the experimental results with models of the dielectric function of the thin film. The experiment measures the amplitude A and phase of the ratio
͑3͒
where the reference and sample matrix are given by
The complex index of refraction of the thin film can hence, at least in principle, be obtained by solving Eq. ͑3͒ with respect to n 2 and 2 . A substrate with a thickness comparable to the wavelength of the THz light will result in strong etalon artifacts in the transmission function. If the index of refraction n 3 and the extinction coefficient 3 of the substrate is known then the fringes in the transmission spectrum caused by the etalon effect can be removed by the operation outlined here. However, in practice these quantities are often not known with sufficiently high precision, so some contamination of the dielectric spectrum of the thin film due to multiple reflections in the substrate material must be expected, and is indeed observed in our experimental data. We have therefore chosen to compare the measured transmission amplitude and phase shift with model predictions of these quantities instead of actually inverting Eq. ͑3͒.
B. Effective-medium theories and the Drude model
As discussed in the Introduction there is substantial evidence that the phase transition in VO 2 films occurs by growth of conductive domains, and our experimental data can only be explained within this picture. If the thin film is inhomogeneous in its spatial structure then the connection between the local microscopic dielectric function and the macroscopic effective dielectric function must be established. This connection is described by different variations of effective-medium theory, with the Bruggeman 6 and the Maxwell-Garnett 7 EMT's as the most widely used descriptions of the effective dielectric function. Both models relate the effective, macroscopic dielectric function ⑀ eff of a sample, consisting of two different domains, to the dielectric functions of each of these domains. The domains are assumed to be of dimensions much smaller than the wavelength of the radiation but large enough to be described by a dielectric function. At THz frequencies these criteria are easily met. The relation between the effective dielectric function ⑀ and the dielectric functions of the insulating and metallic regions, ⑀ i and ⑀ m , respectively, are in the Bruggeman EMT and the Maxwell-Garnett EMT described as
where f is the volume fraction of conductive regions. Here we use the expressions valid for metallic inclusions of spherical shape. The two EMT's discussed here are conceptually quite different, and the validity regimes of the two theories are still subject to discussion and investigations. In general terms, the Maxwell-Garnett EMT is expected to be valid at low volume fractions f since it is assumed that the conductive domains are spatially separated. In contrast, the Bruggeman EMT makes no assumptions about the volume fraction. Many factors, such as the size and shape of the conductive domains, influence the predictions of both models. The Bruggeman EMT has been applied for the description of various properties of the semiconductor-metal transition in VO 2 . [3] [4] [5] This particular EMT has been favored because it predicts percolation behavior when the volume fraction of the conductive domains is large enough to form a continuous conducting path throughout the sample. We find that the Maxwell-Garnett EMT is superior to the Bruggeman EMT in explaining the THz-frequency dielectric function of the VO 2 film near the transition temperature. The dielectric function of the metallic domains of the VO 2 film can be modeled by the classical Drude model, possibly with the generalization suggested by Smith 14 to include memory effects such as preferred backscattering and localization of charges in poor conductors,
where p is the plasma frequency ͑ p 2 = Ne 2 / ⑀ 0 m * ͒, =2 is the cyclic frequency, and ⌫ is the scattering rate, related to the mobility of the charge carriers through ⌫ = e / m * . The parameter c represents the fraction of the original velocity of the electron that is retained after a scattering event. Negative values of c correspond to preferred backscattering. The generalized Drude conduction model with inclusion of backscattering has been applied by Turner et al. in the description of conductivity in strongly localized systems such as TiO 2 nanoparticles. 15 Recently similar experimental results in TiO 2 were interpreted by Hendry et al. using effectivemedium theory and the Drude model without the additional backscattering term. 9 We will assume that the plasma frequency and the scattering rate remain constant in the temperature range in this study ͑20°C -100°C͒ and within the frequency range considered here ͑0.1-1.5 THz͒. We assume that the dielectric function of the insulating regions of the VO 2 film equals the high-frequency dielectric function of the metallic domains, ⑀ i = ⑀ ϱ . This is the limiting value of the Drude dielectric function for low free-carrier concentration.
IV. RESULTS
We measured the complex transmission through a 160 nm thick VO 2 film deposited on a 150 m thick glass substrate. The glass substrate was independently characterized. Significant absorption as well as some dispersion was observed in the frequency range 0.1-2 THz. Both are taken into account in the following analysis.
We determined the optical properties of the thin VO 2 film in the temperature range from 25°C -100°C. In Fig. 3 the THz signals transmitted through the thin film on the substrate are compared to the THz signals transmitted through the substrate alone.
The transmission at T = 60°C, below the transition temperature, is shown in part ͑a͒ of the figure, and the transmission at T = 80°C, well above the transition temperature, is shown in part ͑b͒ of the figure. The THz beam path was purged with dry nitrogen in order to avoid absorption by water vapor. 16 The complicated shape of the signal following the main part of the pulse is due to multiple reflections in the substrate. At low temperatures the THz signal is transmitted through the VO 2 film with very little disturbance. As the temperature is increased and the film switches toward its metallic state we observe significant modifications to the THz signal. First, the amplitude decreases due to increased absorption and reflection losses. Second, we observe a delay of the pulse which is not present below the transition temperature.
The observed delay of the transmitted THz signal is a direct indicator of domain growth as the mechanism behind the metal-insulator phase transition. We have earlier observed a phase advance of a THz pulse transmitted through a thin photoexcited surface layer of a semiconductor with a homogeneous distribution of free carriers, compared to an unexcited surface. This phase advance is a result of the complex transmission coefficients in and out of the conductive layer, and therefore a quite fundamental property of a thin conductive layer. 10 Hence the phase delay observed here cannot be explained if the conductive film is assumed to be homogeneous, whereas effective-medium theory reproduces the sign of the phase shift, as will be shown below.
In Fig. 4 the frequency-dependent transmission amplitude and phase shift through the VO 2 film and the substrate rela-tive to transmission through the bare substrate is shown. Below the expected transition temperature the transmission amplitude is close to unity, and the phase shift is close to zero. Each set of data is the frequency-domain average of 5-10 data sets recorded at each temperature. The error bars indicate the standard deviation of the mean transmission amplitude and phase shift. The drop in transmission at frequencies above 1 THz below the transition temperature is probably an experimental artifact due to slight differences in the beam path through the sample and reference apertures. As the temperature of the sample approaches and crosses the transition temperature the frequency-dependent transmission decreases, and the phase shift increases. The strong oscillations in both the amplitude and the phase spectra are due to multiple reflections of the THz signal in the substrate. At high temperatures the reflectivity of the VO 2 film increases, and consequently the modulation depth of the interference fringes increases.
The spectral shape of both transmission amplitude and phase remains constant at all temperatures. In Fig. 5 we therefore show the average transmission and phase shift, in the frequency range 0.3-1.2 THz. In order to compare the temperature behavior of transmission amplitude and phase shift, we have rescaled and normalized the data sets so that their values approach zero at low temperatures and unity at high temperatures. The experimental data points in Fig. 5 were obtained from four individual heating and cooling cycles. The temperature behavior shown here and in Fig. 4 was recorded during several hours due to the relatively long acquisition time required for a reasonable quality of the THz data.
The solid and open squares represent the temperature dependence of the transmission amplitude and phase shift, respectively, during the heating part of the temperature cycle.
The solid and open circles represent the temperature dependence of the transmission amplitude and phase shift, respectively, during cooling part of the temperature cycle. The dashed curves shown together with the experimental data are sigmoidal fits to the experimental transmission amplitudes and phase shifts, and are meant only as guides to the eye. We observe a significant hysteresis of the switching behavior, with an 8 -9 K difference between the 50-percent point of the heating curves and the cooling curves. This typical hysteresis behavior is also observed in all other reported frequency ranges. The interesting information contained in the figure is that there is a clear difference in the switching temperature of the transmission amplitude and the phase shift. Both during heating and during cooling the transmission amplitude switches at a significantly higher temperature than the phase shift. Furthermore, the transition temperature during heating is significantly higher ͑73°C for the phase shift and 75°C for the transmission amplitude͒ than the expected transition temperature of 68°C observed both in dc conductivity measurements and optical transmission measurements on bulk or thin-film VO 2 samples.
In Fig. 6 we show the transmission of an 800 nm laser beam through the same sample as a function of temperature during a full heating and cooling cycle. For this measurement we drilled small holes in the styrofoam isolation material of the sample chamber to allow passage of the near-IR beam. The spot size of the 800 nm beam on the sample was approximately 2 mm, comparable to the spot size of the THz beam. The transition temperature for the 800 nm light is now near 70°C during heating and near 65°C during cooling. The slightly high transition temperature compared to the expected 68°C for bulk and thin-film VO 2 is probably due to the small openings in the styrofoam isolation leading to a small temperature drop of the sample with respect to the point in the copper block where the temperature was measured.
In summary, we need to explain the following main features of the experimental results: ͑1͒ The higher transition temperature in the THz range compared to measurements at visible and near-IR wavelengths, ͑2͒ the significant difference in switching temperature of the THz transmission amplitude and THz phase shift, ͑3͒ the magnitude of the THz transmission amplitude and THz phase shift, ͑4͒ and the sign of the THz phase shift.
V. DISCUSSION
The scenario where the thin film consists of a homogeneous, conducting material with temperature-dependent carrier concentration, is inconsistent with the sign and magnitude of the observed phase shift as well as the increased transition temperature. If instead we model the phase transition by growth of conductive domains in the plane of the thin film and use effective-medium theory to calculate the macroscopic dielectric function of the film all the experimental observations are verified in a quantitative manner, as will be shown below.
We can use our experimental data to test the validity of the Bruggeman EMT and the Maxwell-Garnett EMT. In Fig.  7 the transmission amplitude and phase shift, as calculated on the basis of Maxwell-Garnett EMT and Bruggeman EMT, are shown. Both transmission amplitude and phase shift are calculated relative to transmission through the bare substrate. The transmission amplitude and phase shift are shown in the temperature range 50°C -100°C, and in the frequency range 0.1-2 THz.
We used a free-carrier concentration in the metallic domains of n = 1.3ϫ 10 22 cm −3 , an effective mass of the charge carriers m * =2m e , where m e is the free electron mass, and a mobility of =2 cm 2 / V s. The values of these fundamental parameters are selected according to estimates. 4 However, the behavior of the optical properties in the THz range is quite insensitive to the exact values of these parameters. Because of the expected high scattering rate we tried to incorporate memory effects in the Drude model as discussed in the preceding section, but this made agreement between the model and our experimental results very poor. The reason is that the magnitude of the dielectric function at frequencies below the plasma frequency is decreased significantly by the inclusion of backscattering in the conduction model. This is a consequence of the reduced dc conductivity and the transfer of oscillator strength from dc to high frequencies in such a system.
We modeled the temperature dependence of the volume fraction of the metallic domains with a Boltzmann function,
with a switching point T 0 = 68°C and a width of the transition ⌬T =2°C. f max is the volume fraction of the metallic domain at the highest temperature investigated in the experiment. We used f max = 0.95 for the results shown in Fig. 7 .
In the limit f = 1 both the Maxwell-Garnett and the Bruggeman effective dielectric function approaches that of the conductive phase of the mixture. Hence as the volume fraction of the metallic phase approaches unity both theories predict a reversal of the sign of the phase shift. Even at the highest temperature of 100°C we see no experimental indication of the onset of this sign reversal of the phase change. This leads us to the interesting conclusion that the phase transition apparently remains incomplete even at temperatures significantly above the transition point. There are at least two possible explanations for this observation: ͑1͒ The phase transition really is incomplete; or ͑2͒ there is a small void fraction in the film for which the model does not account. Explanation ͑1͒ is contradicted by recent measurements of the optical response of VO 2 in which the phase transition is induced by a femtosecond laser pulse. These measurements show that the surface plasmon resonance, indicating the formation of the metallic state, is fully formed in less than 200 fs after the transition is initiated by an ultrafast laser pulse, and that the shape and amplitude of the spectrum are identical to what is observed in an adiabatic thermally induced transition. 17, 18 On the other hand, explanation ͑2͒ is bolstered by the fact that the structure of even 100 nm thick VO 2 films shows significant granularity, 19 quite possibly indicating either a modest void fraction or regions of nonstoichiometric vanadium oxides that do not undergo the phase transition. A void or nonstoichiometric fraction of order a few percent is consistent with the model results; however, confirmation would require THz or percolation measurements of void fractions over a range of thicknesses.
The calculated transmission takes into account the finite thickness of both substrate and thin film, as described in Sec. II B. The strong oscillations seen both in the transmission amplitude and phase shift spectra are due to multiple reflections of the THz wave inside the substrate. At elevated temperatures the high carrier concentration in the thin film enhances the reflectivity of one of the surfaces of the substrate, leading to a higher optical finesse compared to the bare por-tion of the substrate, which has a relatively constant index of refraction of 3.5 over the THz frequency range and a thickness of 150 m.
The shape of the calculated spectra allows a comparison of the performance of the two EMT's considered here. The shapes of the measured transmission amplitude spectrum and the phase shift spectrum ͑Fig. 4͒, as well as their absolute magnitude, resemble those calculated by Maxwell-Garnett EMT, whereas the agreement between our experiment and predictions by Bruggeman EMT is much less convincing. In particular, the phase predicted by the Bruggeman EMT predicts oscillations about zero as a function of frequency, while that predicted by Maxwell-Garnett remains uniformly positive. According to the Maxwell-Garnett EMT the transmission should decrease and the phase shift should increase with the frequency, whereas the Bruggeman EMT predicts a relatively constant transmission drop and phase shift with frequency.
In Fig. 8 the transmission amplitude and phase shift, averaged over the frequency band 0.3-1.2 THz, is shown as a function of the temperature, using the same parameters as in Fig. 7 . The upper panel shows the prediction from Maxwell-Garnett EMT and the lower panel shows the prediction from Bruggeman EMT. The Maxwell-Garnett EMT predicts that the THz transmission amplitude should display a higher transition temperature than the THz phase shift, and that both these transition temperatures should be significantly higher than the structural transition temperature. The Bruggeman theory predicts a different behavior, with a transmission amplitude transition temperature close to the structural one, and a phase behavior displaying a strong, nonmonotonic feature near the percolation point ͑f =1/3 for spherical inclusions͒, which is below the structural transition temperature at f =1/2. Comparison with the experimental data in Fig. 5 directly shows that the different transition temperatures of the transmission amplitude and the phase shift, as well as the elevated switching temperatures in general observed in the THz range, are elegantly explained by Maxwell-Garnett EMT, whereas the Bruggeman EMT fails to reproduce these observations. The rather poor agreement between Bruggeman EMT and the observed behavior of the dielectric function of the thin VO 2 film in the THz range is at first glance unexpected. Recently Choi et al. used Bruggeman EMT to explain midinfrared spectroscopic investigations of the VO 2 phase transition. 4 In their work the percolation behavior built into the Bruggeman EMT was found to be important for the interpretation of the experimental results. At the percolation point the Bruggeman EMT predicts that a macroscopic conductive path opens up, and this is expected to change the electric properties of the thin film dramatically. In our work we use THz spectroscopy to probe the high-frequency conductivity of the thin film in a contact-free manner, making it possible to determine the dielectric function of isolated domains without electric contact to the surroundings. This appealing property of THz-TDS has earlier been used in the characterization of photoexcited charge carriers in insulators. 20, 21 This clearly indicates that the conductivity determined by THz-TDS is independent of the formation of a macroscopic conductive path throughout the sample. Very likely this is the reason why the Bruggeman EMT seems less appropriate for the description of the macroscopic THz dielectric function of VO 2 films although this EMT has been used with success to explain both dc measurements and midinfrared spectroscopic results.
Very recently, Cooke et al. convincingly showed that the Drude-Smith model is applicable for the description of the transient dielectric properties following optical excitation of nanometer-sized silicon nanocrystals. 22 Although there are striking principal similarities between their samples and our samples, we believe that the differences in interpretation can be explained by different sizes of the conductive domains in the samples. The silicon nanoparticles investigated by Cooke et al. have dimensions of a few nanometers, while the conductive regions in the vanadium dioxide films investigated here may have significantly larger dimensions because of the 160-nm film thickness. Therefore, confinement effects such as preferred backscattering will play a much more dominant role in the interpretation of their results.
VI. CONCLUSIONS
In this work we have used THz spectroscopy to measure the high-frequency conductivity during the semiconductorto-metal phase transition in VO 2 . The THz range was chosen for this study since frequencies in this range are high enough to offer a contact free, and therefore local, probe of the highfrequency conductivity of the sample, and low enough to be below the phonon modes of the crystal lattice. By measuring both the frequency-dependent transmission amplitude and phase shift we can follow the gradual growth of conductive domains as the temperature is increased towards and above the structural transition temperature. We observe that the onset of changes in the dielectric properties at THz frequencies occur at significantly higher temperatures than in the visible range, and that the transmission amplitude switches at a slightly higher temperature than the phase shift of the transmitted light. Furthermore, the sign of the phase shift through the VO 2 film above the transition temperature is opposite of that expected for a homogeneous, conducting film. All these observations are explained by the application of effectivemedium theory, and in particular we find that the Maxwell-Garnett EMT is capable of reproducing all aspects of the experimental data with realistic parameters for the conductive domains. We also find that the simplest Drude model is better suited for the description of the high-frequency conductivity of the metallic domains in VO 2 than the generalized Drude-Smith model that is often used in the description of the low-frequency conductivity of a poor conductor.
The spectroscopic approach used in this work, as well as in previous optical and electrical studies of the phase transition in VO 2 , are based on a macroscopic description of the dielectric properties of the material. Techniques for the characterization of dielectric properties on a scale smaller than the domain sizes would offer an extremely interesting view of the dynamics of domain growth associated with phase transitions.
